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a  b  s  t  r  a  c  t
To  observe  the  effects  of  dislocation  density  and  crystal  plane  orientation  on the  migration  of faceted
boundaries,  bi-layer  BaTiO3 samples  composed  of single  crystals  with  different  surface  orientations  and
dislocation  densities  and  polycrystals  with  different  average  grain  sizes  were  annealed  in air for  24  h.
The migration  distance  was  highly  dependent  on the crystallographic  plane  of the  migrating  boundary,
consistent  with  our previous  investigation.  For  large  driving  force,  the migration  distance  appeared  to
be  linearly  proportional  to the  driving  force for the  studied  range,  irrespective  of the  dislocation  density,
suggesting  diffusion-controlled  migration.  For  driving  forces  lower  than  a critical  value,  which  varied
with  the  crystallographic  plane  of  the  single  crystal,  the boundary  did  not  migrate.  At a  driving  force
between  that  for the  linear  region  and  that for no  migration  region,  the  migration  of a  crystal  with  a highoundary structure
aceting
dislocation  density  was  faster  than  that  of  a crystal  with  a low  dislocation  density.  These  results  show  a
migration  enhancement  of  the  boundary  by  dislocations,  in  contrast  to  the  conventional  understanding
of  the  dislocation  energy  effect  on the  driving  force  for  boundary  migration.  The  observed  dislocation
effect  is  the  ﬁrst  demonstration  of dislocation-enhanced  migration  of  faceted  boundaries  in  single  phase
systems.
© 2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
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t. Introduction
In the absence of surface defects, the growth of a faceted crystal
rom a solution or vapor occurs via the formation of nuclei [1,2], and
he rate is governed by the competition of ripening and step nuclea-
ion [3–6]. When the driving force for crystal growth is smaller than
he activation energy for step nucleation, the growth is practically
nhibited. If steps associated with crystal defects are present at the
acet surface, however, the crystal can grow under a driving force
maller than the activation energy. Surface defects thus promote
he crystal growth [7–10]. Among crystal defects, screw disloca-
ions are known to enhance the growth of a crystal via the spiral
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tep growth mechanism [11–13]. Edge dislocations have also been
uggested to enhance the crystal growth rate [14–16]. The enhance-
ent of crystal growth with increasing dislocation density was also
redicted and observed [1,11–16]. In some systems of single crys-
al/polycrystal bi-layer samples with a liquid ﬁlm between them, it
as observed that the growth rate of a single crystal with a high dis-
ocation density was higher than that with a low dislocation density
17–19]. These experimental results thus demonstrate the migra-
ion enhancement of a faceted solid/liquid interface by increased
islocation density.
Compared with the relatively solid understanding of the effects
f dislocations on crystal growth from a solution, the effects of
islocations on the migration of grain boundaries are not well doc-
mented. Chung and Kang [17] studied the effects of dislocations
n grain boundary migration as well as solid/liquid interface migra-
ion in SrTiO3. They observed no appreciable effect of dislocations
n boundary migration kinetics. This was tentatively attributed to
he fairly low fraction of faceted boundaries (∼35%) in the samples.
hey suggested conducting experiments using a system with fully
aceted boundaries in order to reveal the effect of dislocations on
he migration of faceted boundaries.
The presence of dislocations on a growing grain, however, has
een thought to reduce the boundary migration [20], because the
riving force for migration is reduced due to an increase in strain
nergy by Gb2 with an extension of the length of a dislocation by
 unit distance. (G is the shear modulus and b the Burgers vec-
or.) Therefore, in view of the driving force, the migration rate of
he boundary must be reduced in the presence of dislocations. In
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ight of the migration mechanism of faceted boundaries, however, a
ifferent conclusion from that above can be drawn. Faceted bound-
ries with an atomically ordered structure have been suggested
nd observed to migrate with the step growth mechanism [21–24],
hich is similar to the 2-dimensional nucleation and growth of
 crystal from a solution [1,2]. Experimental observations also
howed that the grain growth is inhibited when the boundaries
re faceted, indicating the presence of a critical driving force for the
igration of faceted boundaries [25–27]. Indeed, our recent exper-
ment demonstrated the presence of a critical driving force for the
igration of a faceted boundary [28]. These results suggest that
he dislocations on the plane of a migrating boundary can provide
tomic steps on the plane and enhance the boundary migration,
imilar to the enhanced migration of a faceted solid/liquid interface
n the presence of surface dislocations [11–19].
The purpose of this work is to demonstrate the effect of disloca-
ions on the migration of faceted singular boundaries with respect
o the driving force. We  took TiO2-excess BaTiO3 as a model system,
here grain boundaries are fully faceted in air [25,26,29]. Single
rystal/polycrystal bi-layer samples with different dislocation den-
ities on single crystal surfaces were prepared, as in our previous
nvestigations on the effects of dislocations on solid/liquid inter-
ace migration [17,19]. The grain size in polycrystals was varied
o observe the effect of the driving force on the migration of sin-
le crystal/polycrystal boundaries. It was shown that dislocations
nhance the migration of faceted boundaries for a driving force
maller than a critical value.
. Experimental procedure
Polycrystalline samples were prepared from commercial BaTiO3
HPBT-1, 99.6% purity and <0.66 m size, Fuji Titanium, Kanagaea,
apan) and TiO2 (99.9% purity and 0.4–0.8 m size, Aldrich Chem-
cal Co., Milwakee, USA) powders. 0.2 mol%-TiO2-added BaTiO3
owder was ball-milled in ethyl alcohol for 24 h using a polyeth-
lene bottle and ZrO2 balls of 3 mm  diameter. The dried powder
lurry was crushed and passed through a 125 m sieve. The pow-
er was lightly pressed into disks of 10 mm  diameter and ∼3 mm
eight using a steel die and isostatically compressed at 200 MPa.
he disks were calcined at 900 ◦C for 24 h and sintered at 1250 ◦C
n H2 for various periods of time up to 10 h. The H2-sintered sam-
les were resintered at 1290 ◦C for 30 min  in air. The 2-dimensional
verage grain size and area faction of pores in the H2-sintered sam-
les were measured on polished sections using an image analysis
rogram (Matrox Inspector 2.1). More than 200 grains were mea-
ured for each sample. To measure the area fraction of pores in a
olycrystal, polished planes were observed without etching.
Three sets of single crystal/polycrystal bi-layer samples with
ifferent orientations of single crystals, (1 0 0), (1 1 0), and (1 1 1)
lanes, were prepared. To introduce dislocations in the sur-
ace region of the single crystals, single crystal substrates of
0 mm × 10 mm × 1 mm (Ceracomp Co., Cheonan, Korea) were
echanochemically polished in a silicate solution. The substrate
as cut into several pieces of 2 mm × 2 mm × 1 mm.  Some of the
ieces were annealed at 1300 ◦C for 48 h in air to reduce the dislo-
ation density. The dislocations introduced to the surface region by
echanochemical polishing were observed under a transmission
lectron microscope (TEM; JEM-3010, JEOL, Tokyo, Japan) operated
t 300 kV. For the TEM observation, the samples were cut into 3 mm
iscs, mechanically ground to a thickness of 100 m,  dimpled to a
hickness of less than 10 m,  and ﬁnally ion-milled until there were
erforations for electron transparency.
Single crystal pieces were bonded to the sintered polycrys-
alline disks that had been polished to a 1 m ﬁnish, following
U
o
wmic Societies 1 (2013) 95–101
he procedure described in our previous investigations [28,30]. The
oupled single crystal pieces and polycrystal plates were embedded
n 0.2 mol%-TiO2-added BaTiO3 powder, lightly pressed into pellets
f 15 mm × 15 mm × 10 mm using a steel die, and then isostati-
ally compressed at 200 MPa. The pellets were annealed at 1290 ◦C,
elow the eutectic temperature, for 24 h in air to induce growth of
he single crystals into polycrystalline disks. After polishing and
tching in a distilled HF and HCl solution, the growth layer was
bserved on a plane vertical to the sample of the single crystal.
. Experimental results
During sintering of powder compacts in H2 the compacts were
ensiﬁed and the average grain size increased continuously as in
ur previous investigations [25,26,28,29]. Fig. 1 shows the micro-
tructures of the compacts sintered for various times in H2 and
able 1 lists the average grain sizes of the sintered samples.
he average size increased from 0.99 to 2.88 m during sinter-
ng from 30 min  to 600 min. During subsequent resintering of
he H2-sintered samples at 1290 ◦C for 30 min in air, densiﬁca-
ion exceeded 90% relative density in all the samples, and the
rain size increased slightly, as shown in the insets in Fig. 1.
he microstructures, however, were essentially unchanged during
xtended sintering in air, as observed in our previous investigations
25,28,31]. Such stagnation of the microstructure in the polycrystal
amples at a high temperature in air was  attributed to the change
n the grain boundary structure from rounded to faceted in a short
eriod of air annealing, and thus an increase in the critical driving
orce for boundary migration above the maximum driving force for
he growth of the largest grain [25,26,28].
Fig. 2 shows the etch pits at the surfaces of the mechano-
hemically polished single crystals before (a) and after (b)
nnealing at 1300 ◦C for 48 h. The dislocation density in the
urface region of the mechanochemically polished sample is appar-
ntly much higher than that after high temperature annealing,
s the etch pits (circles) show. This observation indicates that
islocations were introduced during mechanochemical polishing
nd many of them were annealed out during the annealing at
300 ◦C. These results are similar to previous results that showed
he introduction of dislocations in SrTiO3 [17,32] and sapphire
33] by mechanochemical polishing and high temperature defor-
ation, respectively, and a reduction of the dislocation density
uring subsequent high temperature annealing [33]. The dislo-
ation introduced by the mechanochemical polishing, however,
argely remained during the subsequent growth of the single crystal
t 1290 ◦C for 24 h, as shown by the representative TEM micro-
raphs in Fig. 3.
Fig. 4 shows the layers grown from (1 1 0) planes of single crystal
ieces with high ((a), (b), (c), and (d)) and low dislocation densi-
ies ((e), (f), (g), and (h)) into the polycrystal plates after annealing
t 1290 ◦C for 24 h in air. In the samples with the smallest aver-
ge size of matrix grains, the migration distances are the same for
he samples with high and low dislocation densities. With increas-
ng average grain size, i.e. with decreasing driving force, however,
he migration distances decrease and deviate: longer distances are
bserved for high dislocation density than for low dislocation den-
ity. Further reduction of the driving force results in immobilization
f the boundary. The boundary immobilization is observed at a
ower driving force for high dislocation density than for low dis-
ocation density.Fig. 5 shows the layers grown from (1 0 0) single crystal pieces.
nlike the samples with (1 1 0) single crystals, boundary migration
ccurs in all of the samples at much faster rates than in the samples
ith (1 1 0) boundaries. The dependence of the migration distance
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Table  1
Measured migration distances of (1 1 0), (1 0 0) and (1 1 1) single crystals with high and low dislocation densities into polycrystals with different average grain sizes after
annealing at 1290 ◦C for 24 h in air.
Polycrystalline matrix
Hydrogen heat treatment at 1250 ◦C 30 min  1 h 2 h 10 h
Average  grain size (m) 0.99 1.36 1.70 2.88
Driving  force for single crystal growth (J/mol) 23.2 16.9 13.5 8.0
Area  fraction of pores (%) 5.9 6.2 6.9 5.4
Migration distance of (0 1 1) plane (m)
With a high dislocation density 109 (108) 34 (35) 16 0
With  a low dislocation density 109 (1 1 0) 27 0 0
Migration distance of (0 0 1) plane (m)
With a high dislocation density 347 258 164 79
With  a low dislocation density 344 223 73 43
Migration distance of (1 1 1) plane (m)
With a high dislocation density 0 0 0 0
With  a low dislocation density 0 0 0 0
Fig. 1. Microstructures of 0.2 mol%-TiO2-excess BaTiO3 powder compacts sintered at 1250 ◦C for (a) 30 min, (b) 1 h, (c) 2 h, and (d) 10 h in H2. The insets show the
microstructures of the same samples after annealing at 1290 ◦C for 30 min  in air.Fig. 2. Etch pits of the surface regions of the samples (a) without and (b) with annealing, respectively, at 1300 ◦C for 48 h in air.
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aig. 3. TEM micrographs of (a) a surface region and (b) a grown layer of mechano-
4  h.
ith respect to the dislocation density, however, is similar to that
or a (1 1 0) single crystal. One feature to note for the (1 0 0) bound-
ry is that the migrating boundaries are undulated (zigzagged). This
ndicates that the (1 0 0) plane is not a stable plane at the anneal-
ng temperature. An energetically unstable boundary would tend
o dissociate into planes with lower energies. It appears, however,
hat the observed migrating boundary does not consist of speciﬁc
lanes, suggesting that a kinetic issue is involved in the shape of
he migrating boundary.
In contrast to the increased migrations of (1 0 0) and (1 1 0)
oundaries with increasing driving force, the (1 1 1) plane did not
ove at all into the polycrystals, even with the highest driving force
n this study, as shown, for example, in Fig. 6. This result shows
hat the (1 1 1) plane is the most stable plane among the studied
lanes. Indeed, below the eutectic temperature, the (1 1 1) plane
as observed to be the most stable plane [29,34,35]. This also con-
rms a strong dependence of the migration kinetics of the boundary
n the crystallographic plane of the growing grain.
Comparing Figs. 4–6, the following distinctive features can be
bserved:
t
2
s
o
ig. 4. Growth of (1 1 0) crystals with a high ((a)–(d)) and a low dislocation density ((e)–
nd  (f)), 1.70 m ((c) and (g)), and 2.88 m ((d) and (h)) in average size. Samples were anically polished single crystals before (a) and after (b) crystal growth at 1290 ◦C for
(i) longer migration distances for samples with a higher disloca-
tion density under driving forces below a critical value (the
critical value is different for high and low dislocation densi-
ties);
(ii) almost the same migration distances regardless of the disloca-
tion density for driving forces larger than the critical value;
iii) the presence of a critical driving force for migration, which
is highly dependent on the crystallographic plane of the
migrating boundary, in particular for the (1 1 0) and (1 1 1)
boundaries; and
iv) different shapes of migrating boundaries between the (1 0 0)
and (1 1 0) planes.
. Discussion
Table 1 lists the measured migration distances of single crys-
als with (1 0 0) and (1 1 0) planes after annealing at 1290 ◦C for
4 h. (The values in the parentheses show the distances mea-
ured in repeated experiments at the given conditions.) Because
f the limitation of single crystal size, not all of the data can
(h)) into polycrystalline matrix with grains of 0.99 m ((a) and (e)), 1.36 m ((b)
nealed at 1290 ◦C for 24 h in air.
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Fig. 5. Growth of (1 0 0) crystals with a high ((a)–(d)) and a low dislocation density ((e)–(h)) into polycrystalline matrix with grains of 0.99 m ((a) and (e)), 1.36 m ((b)
and  (f)), 1.70 m ((c) and (g)), and 2.88 m ((d) and (h)) in average size. Samples were annealed at 1290 ◦C for 24 h in air.
Fig. 6. (a) Low- and (b) high-magniﬁcation micrographs showing a non-migrating (1 1 1) boundary with a high dislocation density in a bi-layer sample containing a polycrystal
of  0.99 m average grain size after annealing at 1290 ◦C for 24 h in air. The uneven surface of the single crystal in (b) is due to a strong chemical etching.
Fig. 7. Migration distances of (a) (1 1 0) and (b) (0 0 1) planes as a function of the inverse of average grain size after annealing the bi-layer samples at 1290 ◦C for 24 h in air.
Dashed  and solid curves are for single crystals with a high and a low dislocation density, respectively.
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e conﬁrmed; however, the selected repetition of experiments
onﬁrms the experimental reliability fairly well. Fig. 7 plots the
igration distances of the single crystals as a function of the inverse
f the average grain size for the (1 1 0) plane (a) and for the (1 0 0)
lane (b). It is obvious that the migration behavior of the boundaries
s nonlinear with respect to the driving force, similar to observa-
ions in our previous investigation [28].
The drastic difference in migration kinetics among the (1 0 0),
1 1 0), and (1 1 1) planes may  be either due to a difference in the
riving force (boundary energy) or to a difference in kinetic attach-
ent of atoms on a single crystal plane (interface reaction), or
oth. The difference in boundary energy in perovskites, known
o be within a range of a few times from boundary to boundary
36,37], cannot adequately explain the differences in migration
inetics and behavior among planes [28]. In particular, the observed
mmobility of the (1 1 1) boundary cannot be explained by the dif-
erence in driving force. As explained in our previous investigation
28], there is always a ﬁnite driving force for the crystal growth
ven in the presence of pore drag, if the polycrystals have simi-
ar microstructures. If the driving force was the main cause of the
ifference in migration kinetics, the (1 1 1) boundary should also
ave migrated, in contrast to the present observation. This result
onﬁrms that the nonlinear migration of a faceted boundary below
 critical driving force is largely governed by the interface reaction.
For a nonlinear region in the plot of the migration distance vs.
he driving force, the difference in migration distance between the
amples with high and low dislocation densities, clearly shows
ncreased migration with an increased dislocation density, and
ence an enhancement of boundary migration by dislocations.
he dislocation-enhanced boundary migration, however, cannot
e explained in terms of the difference in the driving force for
he migration. The driving force for boundary migration must be
he difference between the capillary driving force and the strain
nergy stored by dislocations. Therefore, the driving force for the
ample with a high dislocation density must be lower, although not
igniﬁcantly so, than that for the sample with a low dislocation den-
ity [20]. The reduction of the driving force for boundary migration
E) by dislocations with a density of n, E  = nGb2, is estimated to
e 10−2 to 10−1 J/mol. For the estimation, n was assumed to be 108
o 109/cm2, a value reported for a highly deformed alumina [33], G
o be 150 GPa and b to be 0.476 nm.  In contrast, the capillary driving
orce for boundary migration is estimated to be 18–50 J/mol, using
oundary energy of 0.3 J/m2, a molar volume of 3.85 × 10−5 m3/mol
nd a 2-dimensional grain size of 0.99–2.88 m.  These estimations
ndicate that for the studied range of experimental conditions, the
ifference in the driving force between the samples with high and
ow dislocation densities is inconsiderable.
Some previous investigations [38,39] reported a case of
islocation-related boundary migration. In particular, it was shown
hat the boundary of a cubic zirconia bi-crystal moved under com-
ression as a result of the movement of dislocations toward the
oundary, and their climb and glide at the boundary [39]. This result
uggests the dislocation density-dependent migration of the grain
oundary. The boundary migration, however, resulted from dislo-
ation movement under compression. Without external stress and,
ence, with no dislocation glide and climb, the dislocation density
s not expected to affect the boundary migration. The presently
bserved migration enhancement of grain boundaries, however, is
learly not related to the dislocation movement.
The present migration enhancement of the (1 1 0) and (1 0 0)
oundaries by dislocations is believed to related to the migration
ehavior of faceted boundaries. According to previous investiga-
ions [22–24,40], the migration of a faceted boundary occurs via the
ormation of steps on a ﬂat boundary and their subsequent growth,
hat is, a step growth (or atom shufﬂe) mechanism. This migration
d
f
dmic Societies 1 (2013) 95–101
ehavior is similar to that of a faceted solid/liquid interface via
he formation of 2-dimensional nucleation and growth [1,2,41]. In
ddition, the migration of a faceted boundary was observed to be
on-linear with respect to the driving force [28], similar to that of a
aceted solid/liquid interface. It is therefore expected that the effect
f dislocations on the migration of a faceted boundary is similar to
hat of a faceted solid/liquid interface.
It is well documented in the literature that the growth of
 faceted crystal in a liquid is promoted by screw dislocations
ith the provision of ledges and kinks at the singular surfaces
1,2]. Edge dislocations were also suggested to promote the crystal
rowth [14–16]. Experimental results [12] also support the the-
retical prediction. It is therefore concluded that the dislocations
n a migrating faceted boundary provide additional steps for easy
ttachment of atoms and thus promoted the boundary migration,
haracteristic of the step growth of the boundary [21].
At high driving forces with small average grain sizes of poly-
rystals, however, the promotion effect of dislocations disappears.
his shows that under high driving forces, the migration is not gov-
rned by the number of sites for easy attachment of atoms, but by
he absolute value of the driving force and hence the diffusion of
toms across the boundary. Such a migration behavior is similar
o the linear increase of the migration rate of a faceted solid/liquid
nterface under driving forces larger than a critical value [12,41].
The difference in shape between the migrating (1 0 0) and (1 1 0)
lanes must reﬂect the stability of the boundaries. The stability of a
oundary can be evaluated by using the concept of the -vector (the
apillary vector, including grain boundary tension () and torque
d/d), which tends to rotate the boundary plane) [42,43]. The
-vector was  originally proposed by Hoffmann and Cahn [42] for a
aceted surface as an alternative to the -plot and later applied
o the grain boundary by King [44]. Through a computer simu-
ation (with embedded-atom potential), Wolf et al. [45] showed
he possibility that a low index plane can form singular grain
oundaries with high index planes. Recent experimental mea-
urements [46–48] support the theoretical prediction. In BaTiO3,
1 1 1)/(hkl)  grain boundaries were frequently observed during
rain growth below the eutectic temperature and the bound-
ry planes were maintained upon further annealing even for two
onnected (1 1 1)/(hkl)  boundaries [34,35,49]. These observations
ndicate that the (1 1 1)/(hkl) grain boundary has a deep cusp in the
ulff plot and a wide -fan.
For our (1 1 0)/(hkl) boundary, a straight boundary shape was
aintained during the crystal growth, implying that the bound-
ry has a deep cusp, as in the case of the (1 1 1)/(hkl)  boundary.
he torque (d/d) in the -vector must act as a force to main-
ain the low index (1 1 0) plane. The undulation of the (1 0 0)/(hkl)
oundary during its migration, on the other hand, indicates that
he energy cusp is not deep enough to maintain its original shape
uring the migration. As the crystallographic planes of the matrix
rains meeting with a (1 1 0) or (1 0 0) single crystal can be consid-
red to be the same, on average, the two different shapes of the
igrating boundaries, straight and undulated, show that the depth
f the energy cusp is mainly governed by the single crystal orienta-
ion. This is consistent with the results of grain boundary character
istributions of MgO  [46].
The immobility of the boundary, in particular the (1 1 1) bound-
ry, below a critical value of the driving force is quite peculiar. If
he migration mechanism of a faceted boundary in the presence of
islocations is the same as that of a faceted solid/liquid interface,
he migration rate should exhibit a parabolic dependence on the
riving force without showing a critical driving force for migration.
The present results, however, suggest that the critical driving
orce for migration increases as the energy of the migrating plane
ecreases, which implies an increase in the step free energy of the
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oundary. Hence, the present result may  suggest that the step free
nergy of the migrating plane affects the migration behavior and
inetics even in the presence of dislocations. As the grain boundary
s an interface bounded by triple junction lines between two grains,
he movement of atoms between the two adjacent grains would not
e as simple as that between two grains immersed in a liquid. This
ssue, however, has not yet been studied and should be addressed
n the future.
. Conclusions
The effect of dislocations on the migration of faceted bound-
ries with respect to the driving force has been studied. Single
rystal/polycrystal bi-layer samples were prepared with different
islocation densities in single crystals and with different average
rain sizes in polycrystals. The migration kinetics was  very differ-
nt for single crystals with different crystallographic orientations.
ingle crystals with (1 0 0) and (1 1 0) planes migrated into poly-
rystals while single crystals with a (1 1 1) plane did not migrate
t all for the studied range of experimental conditions. A criti-
al driving force, which varied with the crystallographic plane,
xists for the immobilization of the boundary. For low driving
orces above the critical value, the migration rate was enhanced
ith the introduction of dislocations in the surface region of the
ingle crystal. For high driving forces, the migration rates of sin-
le crystals with high and low dislocation densities were the
ame.
The observed dislocation-enhanced boundary migration for
ow driving forces is the ﬁrst demonstration of the effect of
islocation on the migration of faceted boundaries in single
hase systems. The independency of the migration rate on the
islocation density for high driving forces suggests that if the
riving force is larger than a critical value, the migration of a
aceted boundary is not governed by the attachment of atoms
n faceted planes with defects but by the diffusion of atoms
cross the boundary. The critical driving forces for boundary
mmobilization and for diffusion-controlled migration were dif-
erent from boundary to boundary. It appears that the step
ree energy of the plane also plays a role in addition to the
ole of dislocations. This issue, however, has not yet been stud-
ed.
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